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Abstract 
The behavior of oil/water dispersed flow is one of the oil/water two phase flow phenomena encountered in pipeline 
operations commonly. Due to the different operation conditions, kinds of flow patterns (O/W and W/O ) can be observed, as 
well as the phase inversion point. Pressure gradient characteristics of the three flows vary greatly. Pressure gradients at 
phase inversion point are higher than those under other conditions which pose great harm to pipeline operations. Three oil 
samples of different viscosities were used in this study. Mixture flowrate, oil content and mixture temperature data were 
obtained for oil-water tests. Data analysis shows that pressure gradients exist 3 different stages as oil content changed (O/W 
stage, phase inversion stage and W/O stage). Pressure gradient characteristics behave differently during the 3 stages. The 
viscosity of the continuous phase is the dominant factor affecting pressure gradients and droplet size and number also play a 
role. High mixture velocity will promote pressure gradients. Mixture velocity also affects the viscosity of the working fluid. 
High velocity lowers apparent viscosity and decreases pressure gradients. The increment rate of pressure gradients can slow 
down with the increase of mixture velocity. Mixture temperature mainly affects the viscosity of the continuous phase and 
creats tiny effect on the dispersed phase. High temperature lowers the viscosity of the continuous phase and decreases the 
pressure gradients. 
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1. Introduction 
The oil-water dispersed flow is one important flow behavior of the two phase flow phenomena. It can be 
found in a wide range of petroleum industries where it commonly occurs in the flow paths from rock cracks in 
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stratum to oil wells and from well heads to multi-purpose stations, even pipelines inside the stations, especially 
during the later years of oil production.  
Recently, oil-water dispersed flow has been studied by many scientist. PAL[1] concluded that pressure 
gradients were  strongly dependent on the viscosity of the continuous phase, but the viscosity of the dispersed 
phase created tiny effect. Angel[2] revealed that pressure gradients reached their summits when the phase 
inversion point was reached. Tubing properties, drag reducing characteristics and flow patterns also affected 
pressure gradients, however experiment data did not suit well with empirical equations. With experiments, 
Flores[3] explored the effect of flow patterns, velocity and entrance water holdup on the pressure gradient, and 
figured up the frictional pressure gradients of O/W and W/O. Cai Jiyong[4] found that high mixture velocity 
promoted the pressure gradients and water holdup was also able to creat some effect. Chen Jie[5] made an oil-
water experiments and found that pressure gradients were strongly dependent on the viscosity of the continuous 
phase and high mixture velocity promoted the pressure gradients. Zhang Xiugang[6] probed the frictional 
pressure gradients of the oil-water dispersions in the horizontal pipes and analyzed the effect of mixture velocity, 
water holdup, roughness and wetting characteristics. Gong Jing[7] used 3 high viscous oils to study the pressure 
gradients of the oil-water dispersions in the horizontal pipes. Results showed that pressure gradients were a 
function of effective viscosity and mixture velocity. Kang Wanli and Liu Guifan[8] characterized the pressure 
gradient characteristics of the crude oil emulsion from Daqing oilfield during high water-cut period and results 
showed that the dispersed flow occurs at high velocity and high mixture velocity promoted pressure gradients.  
To sum up, oil-water two phase flow can exhibit O/W or W/O dispersion under different conditions, but the 
pressure gradient characteristics of these two flows vary greatly. Phase inversion point where the pressure 
gradients are the highest which can pose huge harm can be found during the conversion of the 2 dispersions. 
Pressure gradients of the oil-water flow mainly depend on temperature, mixture velocity, water holdup, oil 
properties, tubing properties, flow patterns and additives and so on. Although many studies have been reported, 
so far a precise model has not been developed to calculate pressure gradients of the dispersed flow because of 
some reasons. Therefore, furthering study of oil-water dispersed flow will better the understanding of the flow 
laws and help make perfect models.Of course, it is also beneficial to the oil filed production safely. 
2. Experiment program 
Experimental Facilities. Experimental facilities consist of a tank, a double-screw pump, a mass flowmeter, a 
test loop, a filter, several valves and meters and so on. The test loop consists of a steel section and a plexi-glass 
section. Pressure sensors and temperature sensors are installed along the tube, and one thermocouple is installed 
at inlet and outlet. The whole system is powered by a Bornemann double-screw pump. Two Haake water baths 
are used to stabilize the temperature of working fluids. Fig.1 gives a description of the facility. 
 
1-pump；2-globe valve；3-mass flowmeter；4-control valve；5-plexi-glass tube；6-viewing window；7- sampling；8-high speed video 
system；9-tank；10-filter 
Fig. 1. Oil/water test loop 
Data Acquisition. Experimental information was gathered with the PCI-6229 DAQ card and the 
LabVIEWTM. Sampling rates of all the signals were set to 1,000 Hz and DIFF wire connection was chosen to 
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minimize signal noise. The test loop was leveled rigidly. All valves were completely open to minimize the shear 
action. Oil and water were pumped into the test loop in a specific proportion.Flowrate, pressure drop and oil 
content signals were continuously acquired while flowrate and temperature reached the default values and 
maintained stable. 
3. Properties of working fluids  
3.1. Viscosities of working fluids 
The viscosities of the fluids were measured by an Anton Paar rotational viscometer. The viscosity-
temperature relationship can be expressed as:μo1 = 74.14 exp (- T / 17.03) + 5.52;μo2 = 355.96 exp (- T / 14.33) 
+ 15;μo3 = 2339.54 exp (- T / 13.04) + 27.63;μw = 1.38 exp (- T / 24.04) + 1.402. Where μo1, μo2, and μo3 are 
the dynamic viscosities of Oil 1#, Oil 2#, and Oil 3# respectively, mPa.s. μw is the dynamic viscosity of water 
phase, mPa.s. T is the temperature, ℃. 
3.2. Densities of working fluids 
The densities of the fluids were measured by an SY-05 densitometer. The density-temperature relationship 
can be expressed as: ρo1 = 0.84351 - 6.1295×10-4 T;ρo2 = 0.86256 - 6.41108×10-4 T;ρo3 = 0.88046 - 5.7063
×10-4 T;ρw = 1 000.066 19 - 0.01802 T - 0.00447 T2. Where ρo1, ρo2 and ρo3 are the densities of Oil 1#, Oil 2#, 
and Oil 3# respectively, g.cm-3. μw is the density of water phase, g.cm-3. T is the temperature, ℃. 
4. Experimental results
4.1. Effects of oil contents 
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 (a) Oil 1#;(b) Oil 2#(c) Oil 3#  
Fig. 2. Pressure gradients profiles of 3 oil samples with different oil contents  
Fig. 2 (a) (b) (c) present the pressure gradient profiles of Oil 1#, Oil 2# and Oil 3# at 20℃ respectively. 
Pressure gradients exhibit 3 different stages: O/W, phase inversion and W/O. During O/W stage (0.0≤ε≤
0.65), pressure gradients of these 3 oil samples do not change distinctly at the different velocities. When oil 
content increases, pressure gradients grow slightly but still stay between 0 and 1 Kpa.m-1. During the phase 
inversion stage (0.7≤ε≤0.82), a upward part, a phase inversion point and a downward part can be observed. 
Oil content range of the upward part diminishes with increase of mixture velocity, and pressure gradients 
Oil  contents                                             Oil  contents                                                    Oil  contents 
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exhibit a surge and reach their summits at the phase inversion point. Higher viscosity promotes pressure 
gradients. Pressure gradients of Oil 2# at the phase inversion point are twice higher than those of Oil 1#, and Oil 
3# is even 6 times higher. Pressure gradients at the phase inversion point are higher than those during O/W stage, 
2-6 times, 5-12 times and 14-24 times higher for Oil 1#, Oil 2# and Oil 3#. In the downward part, pressure 
gradients decrease slowly with increase of viscosity. During W/O stage (ε＞0.82), pressure gradients grow 
with increase of viscosity, but less than those at phase inversion point. Pressure gradients during W/O stage are 
higher than those during O/W stage, 1-2 times, 3-7 times and 8-14 times higher for Oil 1#, Oil 2# and Oil 3#. 
The reasons are further explained as follows: During O/W stage, water phase is the continuous phase whose 
viscosity directly affects the change of pressure gradients. As oil content increases, the number of dispersed 
phase droplets grows which promotes pressure gradients slightly. During phase inversion stage, O/W flow is 
converted into W/O flow and oil phase becomes the continuous phase. In this process droplet collision, the 
coalescence and breakup phenomena are involved. This complicated change mounts pressure gradients sharply 
and more forces are required to overcome resistance for highly viscous oil, so pressure gradients exhibit great 
changes during phase inversion stage. During W/O stage, oil phase is the continuous phase and pressure 
gradients grow with increase of viscosity. Besides, pressure gradients during this stage surpass those during 
O/W stage. Water droplets diminish with increase of oil content, and the effect of dispersed phase decreases, so 
pressure gradients decreases. 
4.2. Effects of mixture velocities 
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(a) ε=20%;(b) ε=80% 
Fig. 3. Pressure gradients profiles of Oil 1# at different mixture velocities 
Fig.3 and Fig.4 present pressure gradient profiles of the relation between mixture velocities and temperatures 
when Oil contents of Oil 1# and Oil 2# are 20% and 80% respectively. 
It can be observed that a higher mixture velocity can promote the pressure gradients when the temperature 
and oil content are certain.When the temperature, oil content and mixture velocities are certain, the pressure 
gradients of Oil 2# are higher than those of Oil 1# and this difference gets more distinct with increase of mixture 
velocity. When mixture velocity reaches 0.8 m/s, the pressure gradients of Oil 2# are 3.21 times higher than 
those of Oil 1#, and when mixture velocity reaches 2.0 m/s, the pressure gradients of Oil 2# are 1.12 times 
higher than those of Oil 1#. 
Mixture velocity dominantly affects pressure gradients in two aspects: resistance acting on the working fluid 
increases with the increase of mixture velocity and pressure gradients increases too. However, at the same time, 
high mixture velocity can also enhance shear action and lower apparent viscosity of the working fluid, so 
pressure gradients decrease. As such, the latter effect somewhat counteracts the former effect, so the increment 
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rate of pressure gradients can slow down following the increase of mixture velocity. Because of the effect of 
mixture velocity on the apparent viscosity, Oil 2# and Oil 1# exhibit lower increment rate of pressure gradients 
at the high mixture velocity. 
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(a) ε=20%;(b) ε=80% 
Fig. 4. Pressure gradients profiles of Oil 2# at different mixture velocities 
4.3. Effects of temperatures 
Fig. 5 and Fig. 6 present pressure gradient profiles about the change between  mixture velocities and 
temperatures when the Oil contents of Oil 1# and Oil 2# are 20% and 80% respectively. Oil 3# behaves much 
like Oil 2# in the experiment, so little is mentioned about it in this section. 
As is shown, while oil content reaches 80% (W/O flow), mixture temperature affects the viscosity of the 
continuous phase greatly, so pressure gradients change distinctly during this period and slump with the increase 
of temperature rapidly. However, while oil content reaches 20% (O/W flow), mixture temperature hardly affects 
pressure gradients. It can be explained that mixture temperature creates tiny effect on the viscosity of the 
continuous water phase during this period. It is observed from Fig.5 (b) that pressure gradients diminish in the 
exponential function with the increase of temperature under W/O flow. That is, at low temperature pressure 
gradients diminish greatly but slow down its changing rate at high temperature. The explanation is that apparent 
viscosity of the working fluid behaves in exponential function as temperature changes under W/O flow. 
As is shown in Fig. 5 (b) and Fig. 6 (a) (b), pressure gradients diminish with the increase of mixture 
temperature. The explanation is that high temperature lowers the viscosity of the working fluid and decreases 
pressure gradients. But Fig.5 (a) presents exceptional curves. Pressure gradients grow slightly with increase of 
temperature. The explanation is that Oil 1# has lower viscosity, and with lower oil content the working fluid also  
has lower viscosity under O/W turbulent flow. Because mixture velocity and temperature can both affect the 
viscosity of the working fluid, so under the turbulent flow, high mixture velocity enhances shear action and 
lowers the viscosity. However, at low temperature, the effect of shear action on apparent viscosity surpasses the 
effect of temperature, so Oil 1# exhibits higher pressure gradients with increase of temperature with low oil 
content. Oil 1# is under the laminar flow when oil content is high (W/O flow). Oil 2# is consistently under 
laminar flow because of its high viscosity. Under the laminar flow, the effect of temperature on viscosity  
overwhelms the effect of mixture velocity and mixture temperature becomes the dominant factor. So high 
temperature lowers viscosity and decreases pressure gradients. 
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(a) ε=20%;(b) ε=80% 
Fig. 5. Pressure gradients profiles of Oil 1# at different mixture temperatures  
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(a) ε=20%;(b) ε=80% 
Fig. 6. Pressure gradients profiles of Oil 2# at different mixture temperatures 
As is shown in Fig. 5 (b) and Fig. 6 (b), at high temperature, mixture velocity creates tiny effect on pressure 
gradients. That is, high temperature shortens the distance between the curves of different mixture velocities. The 
contrary phenomenon appears at low temperature. The explanation is that pressure gradients are strongly 
dependent on the viscosity and velocity of the working fluid. High temperature increases the viscosity of the 
working fluid but creates tiny effect on pressure gradients. At this time temperature becomes the dominant 
factor and in macro presentation the change of pressure diminishes at different mixture velocities. 
5.  Conclusions 
 1) Pressure gradients exhibit 3 stages in the experiment: O/W stage, phase inversion stage and W/O stage. 
During the O/W stage, obvious differences of pressure gradients can not be found among 3 oil samples, but 
pressure gradients can increase slightly with the increase of oil content. At phase inversion point, pressure 
gradients reach the peak value, and higher viscosity promotes pressure gradients. During W/O stage, pressure 
gradients diminish with increase of oil content. Experimental results show that the viscosity of the continuous 
phase is the dominant factor affecting pressure gradients, and droplet size and number also have some degree 
effect on pressure gradients. 
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(2) Pressure gradients increase following the increase of mixture velocity, and viscosity behaves in the same 
way. Mixture velocity can affect the viscosity of the working fluid. High velocity lowers apparent viscosity of 
the working fluid so pressure gradient diminish. The increment rate of pressure gradients slows down with 
increase of mixture velocity. 
(3) Temperature mainly affects viscosity of the continuous phase. Viscosity of the working fluid diminishes 
with the increase of mixture temperature so pressure gradients diminish. Mixture temperature has little effect on 
viscosity of the dispersed phase. 
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